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Abstract—The grain structure of M1 copper subjected to equal-channel angular pressing (ECAP) and subse-
quent annealing at 593K for 1 h is studied by means of transmission electron microscopy and scanning elec-
tron microscopy with the diffraction of backscattered electrons. An increase in grain size and the formation
of special boundaries (Σ3 twins both coherent and incoherent) are observed, along with the migration of high-
energy Σ3 twins and common grain boundaries, the splitting of Σ9 special boundaries into Σ3 twins, and the
splitting of common grain boundaries into Σ9 and Σ3 special boundaries. The local transformation of com-
mon grain boundaries into special boundaries also occurs. Particles of the Cu2O phase are present on the
migrating Σ3 twins and common grain boundaries.
DOI: 10.3103/S1062873818070304
INTRODUCTION
Nanocrystalline (NC), sub-microcrystalline
(SMC; grain size less than 1 μm), or ultrafine-grain
structures (UFG; grain size is in the interval 1–10 μm)
are produced in metals and alloys upon equal-channel
angular pressing (ECAP). In the NC and SMC states,
grain boundaries generally have high densities of
defects [1, 2]. Upon annealing by means of grain
boundary diffusion, the grain boundaries migrate and
transition to the equilibrium state [3]. The degree of
nonequilibrium of grain boundaries in annealed cop-
per after ECAP can be judged from their energy rela-
tive to the metal’s surface energy [3]. It was found in
[3] that when microcrystalline copper (99.98%) is
annealed at a temperature of 673 K for 15 min, the
grain boundaries remain nonequilibrium, while upon
annealing at a temperature of 1073 K for 2 h they move
into the equilibrium state. The increase in grain size in
copper is accompanied by a reduction in the relative
grain boundary energy [3].
The nature of recrystallization in SMC copper pre-
pared via ECAP depends on the annealing tempera-
ture. Three stages can be distinguished on the curve of
the dependence of grain size on the annealing tem-
perature [4]. In the first of these, grain size does not
depend on the temperature. In the second, there is
abnormal grain growth (secondary recrystallization),
with their size increasing from 0.5 to 10 μm. In the
third stage, the grains grow to sizes larger than 10 μm,
which is characteristic of the structure of large-crystal
copper. The temperature intervals of each stage
depend on the copper’s degree of purity. The stage of
abnormal grain growth in SMC copper is character-
ized by a sharp increase in the diffusion coefficient
calculated using the kinetic parameters of recrystalli-
zation, compared to the corresponding values for the
diffusion coefficient in collective recrystallization [4].
Alloy recrystallization after ECAP has a number of
specific mechanisms, compared to the recrystalliza-
tion of polycrystals with grain sizes larger than 10 μm
[5]. In nanocrystalline materials, grain growth is
inhibited by the triple junctions of grain boundaries,
the stable configurations of defects in grain boundar-
ies, the generation of vacancies upon the merging of
grain boundaries, and the presence of chemical inho-
mogeneities and dispersed particles of the second
phase at grain boundaries. At the same time, the
motive force of grain growth in these materials is con-
siderably higher than in large-crystal ones, due to
grain rotation and the high energy density associated
with the presence of excess free volume [5].773
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Fig. 1. Electron microscope image of the grain–subgrain
structure of M1 copper subjected to ECAP: (а) light field,
(b) microdiffraction. Arrows indicate reflections from sub-
grains with azimuthal disorientation.
0.5 μm
(a) (b)
Fig. 2. EBSD maps of (а) the grain structure of annealed
M1 copper subjected to ECAP; (b) annealed М00 copper
after rolling deformation.
30 μm 100 μm
(a) (b)The recrystallization of M00 pure copper (99.96%)
after rolling in the annealing process (870 K, 2 h) pro-
duces a polycrystal consisting of grains limited by
common boundaries [6]. The contours of common
boundaries are closed. Special boundaries, mostly Σ3
twins, are found in certain parts of the grains. During
primary recrystallization, common grain boundaries
emerge where dislocation cells form during rolling [7].
In addition to common grain boundaries, Σ3 twin
boundaries are formed during primary recrystalliza-
tion. The number of these depends on the degree of
pre-deformation from rolling [8]. Σ3 twins are formed
via re-annealing during secondary recrystallization,
due to inhomogeneities over the angle of disorienta-
tion along the boundaries of adjacent grains [9]. It was
shown theoretically in [9, 10] that special boundaries
are formed by the migration of common boundaries
during annealing.
The aim of this work was to study the grain struc-
ture of M1 copper (99.9%) subjected to ECAP (8 runs)
with subsequent annealing at 593 K for 1 h, and to
compare it to the grain structure of coarse M00 copper
subjected to rolling and subsequent recrystallization
annealing.
EXPERIMENTAL
Optical metallography (OM), scanning electron
microscopy with electron back-scattered diffraction
(EBSD), and transmission diffraction electron
microscopy (TEM) were used in this work. The energy
of Σ3 twin boundaries relative to the maximum energy
of common boundaries was estimated using the Her-
ring ratio [11].
Prior to ECAP, our M1 copper was in the polycrys-
talline state with an average grain size of 54 μm. The
grains of the polycrystal contained with equal proba-
bility mesh, mesh-cellular, and cellular dislocation
structures with an average dislocation density of 1.5 ×
1014 m−2 and nanocrystalline particles of the Cu2O
phase on dislocations.BULLETIN OF THE RUSSIAN ACADERESULTS AND DISCUSSION
After ECAP, both low- and high-angle grain
boundaries (LAGBs and HAGBs) were present in the
grain boundary ensemble of ultrafine M1 copper.
According to EBSD data, their fractions were 0.6 and
0.4, respectively [12]. According to TEM data, the ele-
ments of the grain–subgrain structure were elongated
(Fig. 1а). Their average longitudinal and transverse
dimensions were 0.4 and 0.2 μm, respectively. Micro-
diffraction patterns show reflections of asymmetrical
shape, testifying to the presence of azimuthal disori-
entation at the boundaries of adjacent subgrains
(Fig. 1b).
During the annealing of samples subjected to
ECAP, ultrafine-grained structure was transformed
into an inhomogeneous grain–subgrain structure with
grain sizes in the interval of 0.8–12 μm. The LAGB
fraction was 0.06; that of HAGB was 0.94. In addition
to the anomalous growth of grains, there was restruc-
turing of the grain boundary ensemble. The latter is
clearly seen in our EBSD maps of grain structure
(Fig. 2а). If HAGB consisted only of common bound-
aries before annealing, special boundaries formed
after annealing. The vast majority of these were Σ3
twins (Fig. 3а). In disordered polycrystalline solid
solutions in the recrystallized state, the reciprocal
density of coinciding nodes Σ of physically separated
(low-energy) special boundaries lay in the range 3 ≤
Σ ≤ 11 [11, 13]. Special boundaries with Σ > 11 had
energies close to those of common boundaries. We
therefore analyzed the spectrum of special boundaries
with Σ values in the interval of 3 ≤ Σ ≤ 11 for technically
pure M1 copper, which is a solid solution of uncon-
trolled impurities of introduced and substituted ele-
ments in copper, although special boundaries with Σ ≤
49 were determined via EBSD.
It can be seen from the distribution of the grain
boundaries over the angles of disorientation (Fig. 4a)
and the dependence of the fraction of special bound-
aries on the inverse density of coincident nodes
(Fig. 3a) that the fractions of grain boundaries withMY OF SCIENCES: PHYSICS  Vol. 82  No. 7  2018
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Fig. 3. Dependences of fraction δ of special boundaries in
grain boundary ensembles on the inverse density of coin-
ciding nodes Σ (EBSD): (а) in annealed samples of
M1 copper preliminarily subjected to ECAP; (b) М00 cop-
per after rolling.
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Fig. 4. Distribution of grain boundaries as a function of
disorientation angle: (а) in annealed samples of M1 copper
preliminarily subjected to ECAP; (b) М00 copper after
rolling (EBSD).
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(b)60° angles of disorientation and Σ3 twins in the grain
boundary ensemble of annealed M1 copper had simi-
lar values of around 0.4.
The increase in grain size or distances between
nearest grain boundaries during annealing is accom-
panied by a change in the type of their distribution
from lognormal after ECAP to exponential after
annealing. The change in the type of the distribution
of distances between nearest boundaries is due to
changes in the grain boundary ensemble during
annealing, particularly the formation of Σ3 twins and
the reduction in the fraction of common boundaries.
In pure M00 copper and Cu–Al and Cu–Mn alloys
based on it, in the annealed state, the exponential type
of distribution is characteristic of distances between
special–special and common–special boundaries.
Normal or lognormal distributions are characteristic
of distances between common boundaries [14]. Even
though the types of distributions between grain
boundaries equally are due to the ratio of common and
special boundaries in a grain boundary ensemble after
annealing in both M00 and  M1 copper previously
subjected to ECAP, the topology of the polycrystalBULLETIN OF THE RUSSIAN ACADEMY OF SCIENCESgrain structure differs in them. In M00 copper with an
average grain size of 12 μm, the boundaries of com-
mon grains form closed contours (Fig. 2b). In
annealed M1 copper, the closed contour of common
grain boundaries exists only in grains less than 0.8 μm
in size (Fig. 2a). There are no special boundaries
inside such grains. Special boundaries are observed in
grains larger than 0.8 μm. In these, it is impossible to
distinguish a closed contour from common boundar-
ies. In some local places, common boundaries are
transformed into special boundaries. This shows that
the formation of special boundaries during the anneal-
ing of ultrafine-grained copper occurs at the migration
of common boundaries, accompanied by the rotation
of grains.
The specificity of the grain boundary ensemble in
annealed M1 copper compared to M00 copper
becomes obvious when analyzing triple junctions in
which at least one boundary is a Σ3 twin. In M00 cop-
per and its alloys, there is one type of triple junction
with a Σ3 twin. It consists of two common boundaries
and one Σ3 twin (first type) [11]. Among junctions of
this type, those with a low-energy Σ3 twin having a rel-: PHYSICS  Vol. 82  No. 7  2018
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Table 1. Fractions δ of different types of triple junctions (TJs) of grain boundaries among junctions containing Σ3 twin
boundaries in M00 copper and annealed M1 copper subjected to ECAP
Grade of copper
ТJ (two common boundaries + Σ3 twin), δ ТJ (one common 
boundary + two Σ3n twins) 
(n = 1, 2), δ
ТJ (Σ9 + Σ3 + Σ3)Σ3 twins with energy 
0.02 < γrel < 0.1
Σ3 twin with energy
γrel > 0.1
М1 0.30 0.41 0.15 0.14
М00 0.79 [11] 0.21 [11] — —ative energy in the interval of 0.02 < γrel < 0.1 predom-
inate (Table 1). The low-energy Σ3 twins in disordered
solid solutions and pure metals with fcc structure [15]
are coherent twins lying in the (111) plane [11]. In
annealed M1 copper subjected to ECAP, we observe
the second type of junctions consisting of one com-
mon boundary and two Σ3n twin boundaries (n = 1, 2).
There is also a third type of junction: those consisting
of one Σ9 twin and two Σ3 twins. In half the junctions
of the first type, Σ3 twins are low-energy with relative
energies of less than 0.1. In the other half, they have
energies greater than 0.1 (Table 1). Half of the Σ3 twins
in annealed M1 copper are thus incoherent twins.
For М00 copper and alloys based on it, and for
pure metals with fcc structure (Al, Ni) [15, 16], aus-
tenite steel [17], and disordered Ni- and Pd-based
alloys [11], the Σ3 twins observed on the surfaces of
microsections in metallographic studies and EBSD,
and on thin foils in TEM, are either rectilinear or fac-
eted. The Σ3 twins observed in annealed M1 copper
preliminarily subjected to ECAP are rectilinear, fac-
eted, or serpentine with curvilinear regions, and the
latter have relative energies higher than 0.1. Analysis of
EBSD maps of the grain structure shows that common
boundaries on some sites are also serpentine. A ser-
pentine line on the surface of a section is characteristic
of migrating grain boundaries. When our M1 copper
subjected to ECAP was annealed, common boundar-
ies and high-energy Σ3 twins thus migrated. However,
this process was incomplete, and the serpentine shape
of the common boundaries and Σ3 twins was preserved
up to the end of annealing. The presence of tripleBULLETIN OF THE RUSSIAN ACADE
Fig. 5. (а) Electron microscope images of grain boundaries
in annealed M1 copper subjected to ECAP, without sec-
ond-phase particles and defects; (b) curvilinear grain
boundaries with Cu2O particles.
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(a) (b)junctions of the second and third types testifies to the
splitting of grain boundaries during annealing. Com-
mon boundaries split into two special boundaries, Σ3
and Σ9; the high-energy Σ9 special boundaries, into
two low-energy Σ3 twins. Both types of splitting
occurred with a reduction in the internal energy of the
grain boundary ensemble. If the splitting of Σ9 special
boundaries into two Σ3 twins was observed for pure
metals in [18] and for solid solutions in [11, 19], or if
multiple Σ3n → Σ3n – 1 + Σ3 twins were observed for
nichrome in [19], the splitting of common boundaries
into two special boundaries, Σ3 and Σ9, was observed
for the first time in this work.
It was established via TEM that the low-energy Σ3
twins in annealed M1 copper had no defects or nano-
crystalline copper oxide particles (Fig. 5а), while cop-
per oxide particles were observed on the fine-faceted
serpentine boundaries that migrated during annealing
(Fig. 5b). The presence of copper oxide particles obvi-
ously prevented the migrating Σ3 twins from occupy-
ing the equilibrium position in the (111) plane. The
separation of copper oxide particles on migrating grain
boundaries could proceed during annealing. The
oxide particles that existed before annealing could also
be enveloped [20], fixing the serpentine shape of grain
boundaries.
The fraction of Σ3 twins in the grain boundary
ensemble of annealed M1 copper was less than in M00
copper (Fig. 3b, 4b). Two factors can affect the frac-
tion of Σ3 twins: grain size and the stacking fault
energy of the alloy. In our M1 copper, the average
grain size was an order of magnitude smaller than in
M00 copper. In Ni3Fe alloy with polycrystals having
grain sizes of 40–250 μm, the fraction of Σ3 twins in
the grain boundary ensemble thus grew along with
grain size [11]. In our M1 copper, oxygen was present
both in the form of Cu2O oxide and in solid solution,
which could change the stacking fault energy. For cop-
per, the reduction in the stacking fault energy upon
alloying was accompanied by an increase in the frac-
tion of Σ3 twins [11].
In pure metals, the ability of Σ3 twins to migrate
upon annealing is less than that of common boundaries
[21]. The migration of incoherent Σ3 twins in annealed
M1 copper subjected to ECAP apparently testifies to a
higher coefficient of grain boundary diffusion, com-MY OF SCIENCES: PHYSICS  Vol. 82  No. 7  2018
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during the annealing of large-crystal copper.
CONCLUSIONS
Annealing at 593 K for 1 h of submicrocrystalline
M1 copper obtained via equal-channel angular press-
ing led to the formation of an inhomogeneous grain
structure that corresponded to the stage of the abnor-
mal grain growth in the d–T curve. A number of pro-
cesses occurred during annealing: the formation of
special boundaries (mainly Σ3 twins) of two types,
low-energy and migrating high-energy; the splitting of
Σ9 special boundaries into two Σ3 twins; the migration
of common boundaries and their local transformation
into special boundaries in some local place; and the
splitting of common boundaries into two special
boundaries, Σ9 and Σ3. The migration of incoherent
Σ3 twins testifies to the high value of the grain-bound-
ary diffusion coefficient characteristic of the stage of
the abnormal growth of grains on the d–T curve. The
migrating boundaries were in a nonequilibrium state.
The separation of Cu2O phase particles proceeds on
migrating incoherent Σ3 twins and common grain
boundaries.
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